NOTICE
Introduction
Metals and metal alloys subjected to irradiation by fast neutrons exhibit microstructural evolution that drives deformation mechanisms such as irradiation creep and swelling, and produces embrittlement due to irradiation hardening. Microstructural evolution results from the formation of defect clusters and the flow of interstitials and vacancies to microstructural sinks. The rate at which this evolution proceeds is determined by the rate at which point defects are produced in displacement cascades resulting from the collision of fast neutrons with lattice atoms. In order to model microstructural evolution and its effects on material performance, it is first necessary to understand the dynamics of cascade formation and collapse. Key quantities that must be determined are the number of interstitials and vacancies produced in the cascades and the extent to which the defects cluster together during and immediately following the cascade event. Molecular dynamics (MD) simulations have been used to conduct detailed investigations of displacement cascades in a number of metallic and semiconductor systems [1] [2] [3] [4] [5] [6] [7] [8] . The purpose of this paper is to report on molecular dynamics simulations of cascades in molybdenum.
Computational Method
Molecular dynamics simulations were conducted using a parallel version of the MDCASK program supplied by the Lawrence Livermore National Laboratory [1] . The program computes the time-dependent trajectories of the atoms in a region of crystal by solving Newtonian equations of motion for each atom, subject to the interatomic forces placed on them by their neighbors. Displacement cascades are simulated by selecting an atom near the center of the computational cell to become a primary knock-on atom (PKA) and imparting to it some amount of kinetic energy at the start of the MD simulation. As the PKA collides with atoms in its vicinity, its original kinetic energy is distributed to its surroundings. Subsequent collisions between moving and stationary atoms result in the formation of the cascade. The calculation is continued until the defect population reaches a stable configuration. In the present investigation, cascades were tracked for a duration of roughly 10 picoseconds. PKA energies of 1, 2, 5, 10, 20 and 40 keV were used and the PKA direction was taken as [135] in the BCC Mo lattice. Stoller has shown that for PKA energies above 1 keV, direction has little influence on cascade formation [9] , so only a single direction was used in this work. The [135] direction was selected because it is unlikely that the PKA will channel. Prior to the introduction of the PKA, the computational cells were first equilibrated to an ambient temperature of either 298, 573 or 923 K. Equilibration was done using the velocity scaling algorithm in MDCASK. Three-dimensional periodic boundary conditions were applied to the computational cells and the cell dimensions were scaled to account for thermal expansion. Computational cell size was selected in accordance with previous work done on other systems [6, 7] and to minimize any size effect that would result from temperature increases due to the dissipation of the PKA's kinetic energy. Cell size is given in Table 1 .
The temperature equilibration algorithm was switched off once the temperature had been equilibrated, prior to launching the PKA. The interatomic potential used to describe the Mo system was constructed by joining together the Universal potential [11] at short range with a Finnis-Sinclair potential previously fit to equilibrium properties of Mo [12] . The connection was made with an exponential blend designed to maintain the continuity of energy and first derivative at the junction to both the Universal and Finnis-Sinclair regimes [13] .
Results and Discussion
In order to improve statistics, five MD simulations were run at each PKA energy and cell and then a decay in defect number as vacancies and interstitials begin to recombine during the collapse of the cascade. As the event is concluded, the defect number approaches a fairly constant value that we take as the net yield of the cascade. It is important to point out that since periodic boundary conditions are used and there are no additional sinks in the simulation, if the calculations were to be extended indefinitely the total defect count would have to reduce to zero. If sufficient time
were given for long range diffusion, the ultimate fate of each defect would eventually be to recombine with a partner of opposite type. There is simply no place else for them to go. In the actual material, recombination competes with absorption at sinks such as dislocations and voids. In this work, an arbitrary cutoff time between 6 and 8 ps is used to define the stable number of defects produced by the cascade. Table 2 presents the maximum number of defects, time to maximum defect count and the stable number of defects for each simulation set. Also listed is the ratio of stable number relative to the maximum. Clearly at each temperature, the peak and stable number of defects increase with increasing PKA energy. There does not appear to be a significant temperature effect on stable defect number at constant energy, but the peak defect count does increase with increasing temperature. This increase probably reflects the fact that increased thermal vibration impedes the ability of the lattice to channel, reducing the number of sub-threshold collisions that do not produce defects. This observed temperature dependence should not suggest that the displacement threshold itself is temperature dependent. Zepeda-Ruiz, et al. have conducted detailed MD investigations into the threshold energy of vanadium, and found no temperature dependence [14] . They point out that no dependence should be expected since the displacement threshold is quite a bit larger than thermal energies even near the melting point. Table 2 also presents the number of defects predicted by the NRT model [15] and the cascade efficiency, given by the ratio of stable number to NRT prediction. The NRT model is a modification to the Kinchin-Pease [16] approximation to the number of defects produced per collision, and gives the defect yield as, where T is the PKA energy and E d the displacement threshold. Greenwood's Specter program [17] lists the displacement energy of Mo as 60 eV. The cascade efficiency values in Table 2 show that efficiency decreases slightly with increasing PKA energy and appears to be fairly insensitive to temperature. A value between 1/4 and 1/3 seems to be a reasonable approximation to use for the production efficiency needed by rate theory calculations of point defect balance and microstructural evolution. These observations are consistent with simulations performed on other pure metals [4, 6, 10] , and suggest that cascade efficiency itself is probably not strongly system dependent in monatomic metals. This insensitivity is not unexpected since cascade evolution is largely governed by close range interactions that can be treated as binary collisions. The details of the lattice structure and atomic bonding may not come into play until after the cascade has collapsed. It should be pointed out that the insensitivity should not be taken to imply that cascade efficiency would be unaffected by alloying.
Alloying introduces differences in both the mass and size of the atoms, and MD simulations of low energy cascades in a Cu-Al binary alloy have demonstrated a change in defect production via , 2 . When M 1 =M 2 , Λ=1, but even if M 1 is scaled to twice M 2 , Λ drops only to 0.88. This will have some impact on collision dynamics, but it is not expected to be overwhelming. The size difference could be more significant in that it disrupts the local symmetry of the lattice and can therefore affect mechanisms such as focussing, channeling and replacement collisions. It is anticipated that alloy effects for higher energy collisions on the development and collapse of the cascades will be smaller than the effects on subsequent evolutionary processes arising from atomic diffusion. In addition to the point defect count and production efficiency, it is also important to understand the geometric configuration of the defects in space. Defect clustering not only affects their mobility but may also play a role in the nucleation of microstructural features such as voids and loops and in processes that contribute to irradiation hardening. Clustering behavior can be quantified by computing a distribution function expressing the number of defects that exist within clusters of varying size.
Defects that lie within one nearest neighbor distance of one another are considered to belong to the same cluster. Cluster analysis can be most easily performed using a linked list, depth first search methodology described previously [19] . The analysis has been performed for both the stable interstitial and vacancy populations of each of the MD simulations. The results are tabulated in Tables   3 and 4 . As shown in Table 3 , there is only a very slight tendency for vacancies to cluster within the time frame of the initial cascade collapse. Most vacancies exist as isolated point defects, with only a small fraction combining into di-vacancies. Table 4 reveals that interstitials generally form in pairs. This does not result from the agglomeration of two atoms that have been displaced from their lattice sites during the collision, but merely reflects that fact that when a single self-interstitial comes to rest in the lattice it tends to adopt a dumbbell configuration with the nearest lattice atom. The atoms share the lattice site, each of them displaced slightly from it. Due to this method of accounting, interstitials outnumber vacancies two to one. There is some tendency for the interstitials to cluster into four-or sixmember structures. While not overwhelming, the clustering is clearly stronger in the interstitial population than it is for vacancies. This most likely results from the fact that interstitials are significantly more mobile than vacancies are, being able to take several diffusive steps during the time of the simulation. Clustering of both interstitials and vacancies appears to be less pronounced than in MD simulations of FCC materials such as Au [3] . A smaller tendency to cluster is consistent with previous simulations in other bcc metals [6, 10, 20] .
Although clustering at the end of the cascade, as defined by a strict nearest neighbor rule, is interesting, the ultimate goal of irradiation damage modeling is to determine whether or not the defects will annihilate or participate in microstructural evolution. This determination requires that much longer times be considered than those amenable to MD, and kinetic Monte Carlo (KMC) calculations are often performed to study the fate of the defects on a time scale consistent with atomic diffusion. While KMC simulations have not been done as part of this investigation, some degree of insight into whether the defects will annihilate or participate in the nucleation of larger structures can be gleaned from the images of the cascades themselves. Figure 2 A positive value of either quantity suggests the defect is more closely surrounded by members of the same species than its anti-defect. The average value of these quantities for the simulations conducted in this investigation is P i = 0.1 and P v = 0.3 suggesting that both interstitials and vacancies lie in closer proximity to members of their own species than their anti-defect. This condition supports both the formation of interstitial loops and void nuclei.
In addition to the production of the stable defect configuration, MD simulations are quite useful for understanding the dynamic processes that generate the cascade itself. Figure 3 presents six snapshots taken from a 20 keV, 298K cascade simulation at various points in time. The first defects to be produced lie in the upper cluster of figure 3a. As time continues, the lower cluster develops as a sub-cascade, resulting from interactions with an energetic atom that escaped the initial damage region and traveled several lattice parameters, either by channeling or a replacement chain, before initiating a new collision. The cascade evolves to its maximum size in figure 3d and then collapses toward its final configuration in figure 3f.
Conclusions
Molecular dynamics simulations of displacement damage cascades in bcc Mo reveal a number of interesting features:
Cascade damage increases with increasing energy, but cascade efficiency with respect to the NRT model decreases to a value between 1/4 and 1/3. This is consistent with MD simulations of previous metallic systems.
There appears to be little temperature dependence to the total number of stable defects produced in the cascade, but the peak defect count prior to cascade collapse does exhibit an increase with increasing temperature. It is proposed that this effect results from a reduction in channeling and focussing with increased thermal vibration.
With the exception of the di-interstitials, there is only a slight tendency for point defects to cluster into tight groups in which members are connected by one or two nearest neighbor distances. The defects do, however, agglomerate into vacancy or interstitial rich regions, where the point defects lie closer to each other than to their anti-defects, but not within one lattice constant. The vacancy rich regions tend to be surrounded by interstitials. The individual vacancy regions may mark the positions of sub-cascade formation.
Future efforts in this area are needed to determine the subsequent evolution of the defects on a longer time scale (especially the question of interstitial cluster mobility), and to understand whether or not cascade damage can be mitigated by alloying or microstructrural modifications. 
